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Abstract. The reaction ^''Fe( d , p)'^Fe was studied at the Munich Q3D spectrograph with a 14 MeV 
polarized deuteron beam. Excitation energies, angular distributions and analyzing powers were measured 
for 39 states up to 4.5 MeV excitation energy. Spin and parity assignments were made and spectroscopic 
factors deduced by comparison to DWBA calculations. The results were compared to predictions by large 
scale shell model calculations in the full pf-shell and it was found that reasonable agreement for energies 
and spectroscopic factors below 2.5 MeV could only be obtained if up to 6 particles were allowed to be 
excited from the orbital into P3/2, f5/2, and Pi/2 orbitals across the N — 28 gap. For levels above 2.5 
MeV the experimental strength distribution was found to be significantly more fragmented than predicted 
by the shell model calculations. 

PACS. 2 l.lO.Jx, 21.10.Pc, 21.60.Cs, 25.45. Hi, 27.40. +z 
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1 Introduction 



In the simplest spherical shell model approach the N = 
Z = 28 nucleus ^^Ni has the properties of a doubly-magic 
core. However, evidence for the softness of the ^^Ni core 
has been obtained experimentally [T] and theoretically [2] . 
With the availability of more computing power and the de- 
velopment of the new effective interaction GXPFl for the 
pf-shell [3] core excitations were found to play a significant 
role in the structure of nuclei in the vicinity of ^^Ni[4] . Ex- 
perimental evidence for the crucial role of cross-shell ex- 
citations for the yrast spectra was, for example, reported 
in ^^Cu [5]. The stability of the magic number 28 is also 
of astrophysical importance, 6.17. for the electron capture 
rates in supernova explosions (see e.g. Ref. [6]). 

The current paper reports on a precision study of the 
excited states of ^^Fe using the ^^Fe( d ,p)^^Fe reaction. 
While this reaction has been performed several times in 
the past [ZllHllQ], those studies had limited energy resolu- 
tion and sensitivity and therefore, spectroscopic factors 
and definite spin assignments were obtained only for a 
limited number of excited states. Those previous results 
were typically compared to shell model calculations that 
assumed a good ^^Ni core and thus the sensitivity to cross- 
shell excitations was not tested. 



The excellent energy resolution and sensitivity of the 
Munich Q3D magnetic spectrograph used in this study 
enabled the discovery of several new states and the de- 
termination of spins for a number of known states. For 
many states spectroscopic factors were determined for the 
first time. The data are compared to the results of large 
scale shell model calculations using the GXPFl effective 
interaction. Reasonable agreement for energies and spec- 
troscopic factors was achieved for states up to about 2.5 
MeV when at least 6-particle 6-hole (6p-6h) excitations 
across the N=28 shell gap were taken into account, while 
the experimental results could not be satisfactory repro- 
duced if less than six particles are promoted across the 
shell gap. Thus, the results of our study clearly demon- 
strate the importance of ^^Ni core excitations for ^''Fe and 
^^Fe. 



2 Experimental Details 



The ^'*Fe( d , p)^^Fe reaction was studied by bombarding a 
100/xg/cm^ thick 94.6% isotopically enriched self support- 
ing ^^Fe target with polarized deuterons from a Stern- 
Gerlach polarized ion source [10] and accelerated to 14 
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MeV by the MLlE MP-Tandem Van de Graaff accelera- 
tor. The reaction products were analyzed with the Mu- 
nich Q3D spectrograph ll] and then detected in a 1 m 
long cathode strip focal-plane detector [T2jfT3] with AE- 
Erest particle identification and position determination. 
The acceptance sohd angle of the spectrograph was 11.7 
msr (horizontaly 54 mrad), except for the most forward 
angle (5°) where it was 5.7 msr. Typical beam currents 
were around 0.5 fiA on target. 

Spectra were measured at 8 angles between 5° and 40° 
in 5° steps plus one measurement at 50°. For each angle 
six spectra were collected, for 3 different magnetic set- 
tings, covering the excitation energy range from to ^4.5 
MeV and for spin-up and spin-down polarization of the 
deuteron beam, respectively. Figure [T] shows Q3D spec- 
tra for those settings taken at an angle of 30°. The over- 
all FWHM energy resolution was around 7 keV, being 
mostly determined by the target thickness. The spectra 
were essentially background free. All runs were normal- 
ized to the beam current integrated by a Faraday cup 
placed behind the target. The spectra were calibrated by 
using the energies of those states in ^^Fe that were known 
to better than 1 keV [8l. In the energy range from 3.0 
to 4.5 MeV only three levels with sufficient energy are 
known at 3072.0, 3108.7, 3552.3 keV. However, as will be 
discussed below, there are four energy peaks previously 
assigned to ^^Fe excitation energies at 3285, 3860, 4123, 
and 4372 keV which actually result from the contaminant 
reaction ^^Fe(d,p)^^Fe present in this energy range, en- 
abling an accurate energy calibration. 

Differential reaction cross-sections for each angle were 
obtained by averaging the cross-sections obtained for spin- 
up t) or spin-down |) polarized beam. In ad- 
dition to determine angular distributions, the polarized 
beam with a polarization of p = 0.65 enabled calculating 
the analyzing power at each angle using the relation 

A i. . AfiJ — fil, (1) 

3 Results 

In total 39 levels in ^^Fe were observed in the energy range 
from to 4450 keV, of which 6 levels are observed for the 
first time. For the other levels various amounts of infor- 
mation were available ranging from only the energy, a ten- 
tative or firm spin assignment to spectroscopic factors in 
some cases. 

For five states that were previously assigned to ^^Fe at 
2015, 3285, 3860, 4123, and 4372 keV we could show that 
the observed lines actually belong to known levels in ^^Fe 
at energies of 366, 1627, 2220, 2456, and 2758 keV. The 
lines resulted from the 5.1 % ^^Fe component in our tar- 
get. We proved the assignment to ^^Fe by comparing the 
spectra for the {d,p) reaction from our 94.6% isotopically 
enriched ^''Fe target with those obtained with a 99.9% 
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Fig. 1. Focal plane spectra of the Q3D observed at 30° 
with spin-up polarized deuteron beam for the reaction 
^'*Fe( d , p)^^Fe. Magnetic field settings were chosen such that 
excitation energies of 600 keV (top), 2200 keV (middle), and 
3600 keV (bottom) were centered on the Q3D focal plane. En- 
ergies for some levels, as obtained in this work, are given in 
keV. Lines marked with * are from the ^^Fe impurities in the 
target. 



isotopically enriched ^^Fe target under exactly same ex- 
perimental conditions. The assignment of those levels to 
^^Fe [8l[9lll4l[T5] was based on transfer experiments that 
used targets with less than 95% ^''Fe isotopic enrichment 
and thus lines of ^^Fe would be expected in the spectra. 
However, we did not find any note in the original work that 
a direct comparison was performed with a pure ^^Fe tar- 
get in order to identify contributions from the ^^Fe{d,p) 
reaction in the spectra. We are therefore confident that 
the levels at 2015, 3285, 3860, 4123, and 4372 keV do not 
exist in ^^Fe. 

Angular distributions and analyzing powers are shown 
in figs.[2lfT0l Total angular momenta and parities J'^ where 
deduced by comparison with results of distorted- wave Born 
approximation (DWBA) calculations with the code 
CHUCK3[16 . Three different sets of optical model param- 
eters were used, which are summarized in table [T] 

The non-locality parameter (3 for the particles men- 
tioned in tab. [T] is taken from Ref. [19|. The finite-range 
(R) parameters for the (d,p) reaction was set to zero since 
it was not used in Refs. [8] and [9]. Including it in the 
calculations didn't significantly change the results. 

Spectroscopic factors S can be determined by dividing 
the experimental cross-section cr^Exp.) by those obtained 
theoretically from DWBA calculations cr(DWBA) with 
CHUCK3: 



^ Maier-Leibnitz Laboratory of the Technische Universitat 
Miinchen and the Ludwig-Maximilians-Universitat Miinchen 



^■(Exp.) = S * O-(DWBA)- 



(2) 
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Fig. 2 

Ay for ^^Fe levels with Al = 1 and J'" = 1/2". Curves indicate 
the DWBA calculations by CHUCKS using the three different 
sets of OM-potentials from Refs.[18] (full curve), ^ (dotted 
curve) and [17] (dashed curve). 



In our case, 5" was determined by a fit to the angular 
distributions. 

The agreement of calculated angular distributions and 
analyzing powers with the experimental data is quite sat- 
isfactory for the different sets of optical model parameters. 
One may argue that the description based on the parame- 
ters of Ref. [9] is slightly inferior. Tables[2]and[3]summarize 
the results for all observed levels in ^^Fe. The excitation 
energies for those known levels that have uncertainties of 
less than 1 keV in Ref. [8] agreed for most states within less 
than 0.5 keV with the exceptions of the 2051.7 (4) keV, 
2577.7(4) keV, and 3072.0(4) keV states for which ener- 
gies of 2050.1(5) keV, 2579.2(5) keV and 3070.2(5) keV 
were measured in this work, respectively. Above 3.1 MeV 
we estimate the uncertainties of the measured energies to 
be 2 keV. 

In total, 19 previous spin assignments could be con- 
firmed and for six levels (2872, 3107, 3308, 3777, 3804, 
4043 keV) with tentative or several possible spin assign- 
ments a firm spin and parity assignment could be made. 
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Fig. 3. Same as Fig. [2] for states with Al ^ 1 and J" = 3/2" 
and energies below 3.0 MeV. 



For seven known levels (3354, 3655, 3716, 4019, 4117, 4134, 
4372 keV) spin and parity were determined for the first 
time while seven levels (2332, 2504, 3576, 3827, 3939, 4260, 
4292 keV) were newly observed. It was possible to obtain 
spectroscopic factors for all 39 observed levels, which are 
also listed in tables [2] and [3l The uncertainties given for 
the spectroscopic factors in tables [2] and [3] refer to the 
standard deviation of the three spectroscopic factor val- 
ues obtained for the different optical model parameters. 
As can be easily seen, the 5- values for the different optical 
model parameters differ only slightly. However, the cross 
sections may contain additional systematic uncertainties 
on the order of 10-20% mainly due to uncertainties in 
the target thickness. The absolute spectroscopic factors 
obtained in this work generally compare favorably with 
those previously reported [HllS]- If relative spectroscopic 
factors are considered, the agreement is even better. 

Hereafter, the assignments for those levels will be dis- 
cussed, for which the relation to known levels is not clear 
or where the assignment found in this work is in conflict 
with previous assignments. 

The 2212 keV level: This level has a spin and parity 
assignment of J'^ = | [8|. However, the agreement with 
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Fig. 4. Same as Fig. [2] for states with Al ^ 1 and J'' = 3/2" 
and energies above 3.0 MeV. 
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Fig. 6. Same as Fig. [2] for states with Al ^ 3 and J" = 5/2" 
and energies below 3.7 MeV. 
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Fig. 5. Same as Fig. [2] for states with Al = 2 and J'' = 3/2 
and r = 5/2+. 



the DWBA calculations for Al = 5 and = ^ in fig. 
[To] is not really satisfactory. However, the measured cross 
section is less than 0.005 mb and multi-step processes may 
be important in this case. 

The 3070 keV level: There is a 3072.0(4) keV state 

known with = ^ [5], established from gamma-ray 
spectroscopy [20ll21) . The measured angular distribution 
is rather flat, indicating a large angular momentum trans- 
fer and the analyzing power shows reasonable agreement 
with the J'^ = assignment. However, also in this case 
the level is populated very weakly and it is not possible 
to exclude multi-step processes. Therefore, a definite spin 
and parity assignment can not be made on the basis of 
the present data. 

The 3354 keV J"" = |~ level: We associate this level 
with the 3362(10) keV level previously observed in the 
(d,p) study of Ref. [I5]. 

The 3591 keV J'^ = 5^ level: We associate this level 
with the previously observed level at 3599(10) keV [5]. 

The 3655 keV J"" = |" level: In Ref. [S] a level is 
reported at 3660.8(11) keV based on the observation of 
gamma rays populating this level following the V(^Li,3n) 
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Fig. 7. Same as Fig. [2] for states with ziZ = 3 and J'' = 5/2" 
and energies above 3.7 MeV. 



reaction. In Ref. |8J this level is associated also with the 
3661(10) keV level observed in (d,p) [H]. No spin and 
parity assignment was made for this level in either study. 
However, we do not observe a level at 3661 keV but rather 
at 3655(2) keV. Therefore, we suggest that there are two 
levels, one at 3660.8(11) keV and one at 3655(2) keV. 

The 3716 keV = |" level: A state at 3722(10) 
keV has been previously observed in (d,p) [8] but no J'^ 
was assigned. We associate the 3716(2) keV level from this 
work with this state. 

level: A 3770 keV level was re- 



The 3111keY ,r = f 



ported in (p,t) experiments and assigned as ^ t24' on the 
basis of observed Al — Q angular distribution while in Ref. 
P5] a state at the same energy with Al = 1,2 and possi- 



ble spin assignments of (| - 



or (I"*", 1^) was reported. 



From the angular distribution and analyzing power of this 
level we clearly assign it as = | . 



The 3804 keV r 



1^ level: Ref. [8] reports levels at 

3814(10) keV (l^^, |"^), and 3815(15) (|", |"). In earlier 
studies 15,7] a line doublet at 3.80 and 3.81 MeV was 
reported, which was analyzed in Ref. 7 by a superposi- 
tion of two states with = i and 
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Fig. 8. Same as Fig. [2] for states with Al = Z and J" = 7/2' 
and energies below 3.2 MeV. 
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Fig. 9. Same as Fig. |2] for states with ZiZ = 3 and J'' = 7/2" 
and energies above 3.2 MeV. 
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Fig. 10. Same as Fig. [2]for states with Al — A and Al — 5. 

Table 1. Optical-Model parameters for deuteron 
(D1[T8],D2[9],D3[T7]), proton (p) |18] and neutron (n) 
[18] for a beam energy of E]t^' = 14 MeV. V (W) denotes the 
real (imaginary) potentials with volume (vol.), surface (surf.) 
and spin-orbit (L.S.) terms, while r and a denote radius and 
diffuseness parameters. Vl.s. was taken from Ref. [17j . 









Real 






Imaginary 








V 
(MeV) 


(fm) 


(fm) 


W 

(MeV) 


r/ 
(fm) 


a/ 
(fm) 


Dl 


vol. 
surf. 
L.S. 


-91.68 
-6.92 


1.15 
1.07 


0.81 
0.66 


17.76 


1.34 


0.68 


D2 


vol. 
surf. 
L.S. 


-92.64 
-7.00 


1.05 
0.75 


0.86 
0.5 


15.26 


1.43 


0.69 


D3 


vol. 
surf. 
L.S. 


-90.91 
-6.92 


1.17 
0.75 


0.73 
0.5 


-0.25 
12.32 


1.33 
1.33 


0.74 
0.79 


P 


vol. 
surf. 
L.S. 


-53.16 
-6.2 


1.17 
1.01 


0.75 
0.75 


-0.38 
8.75 


1.32 
1.32 


0.51 
0.51 


n 


vol. 
L.S. 


1.00 
0.00 


1.17 
1.26 


0.75 
0.69 









Table 2. Transferred orbital angular momentum Al, assigned 
total angular momentum and parity , measured maximum 
differential cross section (^)™'"' at center of mass angle flSj™^ 
as well as averaged absolute spectroscopic factors for the three 
optical model parameter sets from Refs. [18ll9l[T7]. For compar- 
ison literature values for Jlj^ 8 and absolute spectroscopic 
factors SLit. are given. The uncertainties in the spectroscopic 
factors reflect the standard deviation of the three values over 
which was averaged. New levels are indicated with an asterix. 
The uncertainties given for spectroscopic factors do not include 
additional systematic uncertainties of the cross-sections on the 
order of 10-20% mainly due to uncertainties in the target thick- 
ness. 





Al 


J" 




/ d(T \max r mb ] 
* dS~J ' L sr J 


5'Avcr. 


•S'Lit. 


[keV] 


[h] 


[h] 


[h] 


ncm roi 
^max I J 






0.0 


1 


3 - 
2 


3 - 
2 


14.67(2) 
15.3 


0.49(1) 


0.575''' 
0.775"=' 


411.0 


1 


1 - 


1 - 


5.53(5) 
10.2 


0.35(1) 


0.30*' 
0.60"' 


931.4 


3 


5 - 


5 - 


1.39(1) 
30.6 


0.43(2) 


0.35'' 
0.65"=' 


1316.5 


3 


7- 
2 


7- 
2 


0.156(3) 
35.7 


0.028(1) 


0.037*"' 
0.045"=' 


1408.2 


3 


7 - 
2 


7 - 
2 


0.066(2) 
30.6 


0.012(1) 


0.015*' 
0.018"=' 


1918.1 


1 


1 - 
2 


1 - 
2 


0.731(7) 
10.2 


n 0400 ('3'! 


0.04'' 
0.10"=' 


2050.1 


1 


3 - 
2 


3 - 
2 


1 64fLl 
10.2 


046fLl 


0.065*'' 
0.088"=' 


2144.0 


3 


5 - 
2 


5 - 
2 


0.371(4) 
30.7 


0.101(4) 


0.098*' 
0.153"=' 


2211.5 


(5) 


(§-) 


9 - 
2 


0.005(1) 
30.7 


0.0032(6) 




2332.2* 


1 


3 - 
2 




0.003(1) 
10.2 


0.00007(1) 




2470.2 


1 


3 - 
2 


3 - 
2 


3.65(2) 
10.2 


0.0963(2) 


0.098*' 
0.17"=' 


2503.8* 


1 


3 - 
2 




0.007(1) 
15.3 


0.00020(1) 




2579.2 


3 


5 - 
2 


5 - 
2 


0.090(2) 
30.7 


0.0224(9) 


0.05"=' 
0.03"*' 


2872.3 


3 


5 - 
2 


5-7- 
2 ' 2 


0.040(2) 
25.6 


0.0102(5) 




2938.9 


3 


7- 
2 


7 - 
2 


0.195(3) 
30.7 


0.0280(5) 




3028.2 


1 


3 - 
2 


3 - 
2 


0.487(7) 
10.2 


0.0119(2) 


0.021"*' 


3070.2 


(5) 




11- 
2 


0.004(1) 
51.0 


0.0031(5) 





"' Energies from this work 
levels are marked with *. 
*>' Ref.g] 
"=' Ref. [9] 
"*' Ref. [25] 



with uncertainties of 0.5 keV. New 
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spectively, consistent with our observation of the 3791(2) 
keV i and 3804(2) keV | levels observed in this work. 
The 3815(10) keV |~, |~ level hsted in the Nuclear Data 
Sheets [S] is supposedly observed in the {^lle,a) reaction. 
However, the original work [52] only reports the 3814(20) 



keV 



9 + 



2 state. Therefore, one may come to the conclusion 

that the 3815(10) keV §",5" level should be removed 
from the Nuclear Data Sheets. 

The 4019 keV J'^ = | level: We associate this level 
with the previously observed level at 4028(10) keV [8,. 

The 4043 keV J'' = |" level: Ref.0 reports a level 
at 4057(10) keV with the energy from :I5] and a spectro- 
scopic factor resulting from the averaged value of Refs. [Il 
[28] . However, Ref. [7] reports this (§") level at 4.04 MeV 
while Ref. [28] reports it an energy of 4.039 MeV, both 
values consistent with our observation. 

The 4in keV = | level: We associate this level 
with the previously observed level at 4110(10) keV [5]. 

The 4134 keV J'^ = | level: We associate this level 
with the previously observed level at 4123(10) keV [8]. 

The 4372 keVJ"" = (f "^) level: We associate this level 
with the previously observed level at 4372(10) keV [8]. 
Since the agrement of the experimental analyzing power 
with the DWBA results for a I"*" state is not very good. 



we consider this assignment as tentative 

5 + 
2 



The 4450 keV J'^ — ^ level: We associate this level 
with the previously observed I"*" level at 4463(10) keV [8]. 



4 Discussion 

The main aim of the current study was to investigate the 
role of cross-shell excitations for the N — 28 shell gap in 
^^Fe. For this purpose we have performed large scale shell 
model calculations using the code ANTOINE [27] and em- 
ploying the GXFPl effective interaction [3l|4] which was 
adjusted to the tremendous number of experimental data 
available for the pf-shell nuclei. The calculations were per- 
formed in the full pf-shell {i.e., f7/2, P3/2, and pi/2 
single-particle orbitals), with up to n = 6 particles al- 
lowed to be excited from the fj/2 orbital to the P3/2, Pi/21 
and f5/2 orbitals. Thus the 15-body wave function of ^^Fe, 
corresponding to the space of valence nucleons, is a super- 
position of the (f7/2)^^''^''HP3/2Pi/2f5/2)^^*'' componeuts, 
where k is running from (no cross-shell excitation) to 
n = 6. We have found that the agreement of the calcu- 
lated level energies and spectroscopic factors with the ex- 
perimental data improves with increasing n and the n = 6 
approximation (6p-6h) yields a reasonably good descrip- 
tion of the experimental data, the spectroscopic factors 
for each n were calculated using the wave-function of the 
shell-model calculations for the same n. In this case the 
ground state of ^^Fe contains only 57% of the wave func- 
tion of the k — configuration. Also for all excited states 
the k = configuration is always less than 60%. It is inter- 
esting to note that the first excited | state contains only 



3% of the A: = configuration (two proton holes in /7/2 

shell) while the second | state contains a considerably 
larger fraction (47%) of the fc = configuration. The cal- 
culated spectroscopic factor for the J'^ — ^ ground state 
amounts to 0.87 in the n = case and reduces to 0.62 for 
n = 6, which is considerably closer to the experimental 
value of 0.49(1). 

Fig.llllshows the energy levels below 2 MeV from shell 
model calculations for n — and n = 6 in comparison with 
the experimental results. Also shown as horizontal bars are 
the absolute spectroscopic factors for the ^^Fe( d ,p)^^Fe 
reaction, where the full length of the thin level line cor- 
responds to 5 = 1. For the two | levels the plotted 
spectroscopic factors are increased by a factor of 10 in 
order to enhance their visibility. We note that the agree- 
ment with the n = 6 calculations is quite good, while the 
calculations based on an assumption of an inert A'^ = 28 
core {n = 0) fail to reproduce the experimental spectrum 
and spectroscopic factors even for the lowest states. 
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Fig. 11. ^^Fe experimental levels compared to shell model 
predictions. Thick horizontal bars represent the absolute spec- 
troscopic factors, with S — 1 corresponding to the full length 
of the thin level line. The shell model results for n — and 
n = 6 cases are labeled correspondingly. 
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The experimental and theoretical energies as well as 5 Summary 



relative spectroscopic factors for all J'^ = ^ , | , | , 

and I levels up to an excitation energy of 5 MeV are 
compared in Fig. [121 We note that the agreement is very 
good below about 3 MeV for most spins. However, for the 
J'^ = I states we observe already 3 levels more than we 
have obtained in the shell model calculation. Furthermore, 
the experimental strength is strongly fragmented already 
in the vicinity of 2.3 MeV. For other spin values we ob- 
serve significantly more states and stronger fragmentation 
only above 3 MeV, with the exception of the J'^ = ^ 
states. The above comparison clearly indicates that cross- 
shell excitations play an important role for the spectra and 
spectroscopic properties of low-lying states in ^^Fe. Fur- 
thermore, to describe the experimentally observed density 
of states below 4-5 MeV one would need to go beyond the 
6p-6h approximation adopted here and include higher np- 
nh excitations. 



0.01 



!l 




1 1 II 






1 1 1 11 




1 








I 1 










Theo. i 




1 




■i 







II 


1 


1 1 II 

li: N> 't; 












h 


I 










Theo.1 






1 \ :l 


i 


i 





1 

0.1 
0.01 
0.001 

0.1 
0.01 
0.001 

1 





1 








1 1 1 












t "•••^ 
















1 








1 


1 




1 1 










1 Theo. ! 








1 












1 1 1 1 



II 










1 














Ex 


1/2n 
1 














I— 








r 










1 





1 






1 1 
















Theo. : 












1 






1 


■i 













1000 2000 3000 4000 



5000 
EJkeV) 



Fig. 12. Theoretical and experimental strength distribution of 
relative spectroscopic factors 5"^'^'', normalized to the spectro- 
scopic factor of the ground state J'^ = | , for (from bottom 
to top) r = l", J" = I", J" = I", and J'^ = |" levels. 



In a high resolution study of the reaction ^'*Fe( d ,p)^^Fe 
39 levels were observed. On the basis of angular distribu- 
tions and asymmetries firm spin and parity assignments 
could be made for all but 2 states, for which firm assign- 
ments were already available from previous studies. It was 
possible to observe eight new states and prove that five 
states previously assigned to ^^Fe were actually states in 
^^Fe. For a number of known states energies could be de- 
termined with improved accuracy and spins were assigned 
for the first time. Spectroscopic factors were determined 
for all observed states. The results were compared with 
large scale shell model calculations using the GXPFl ef- 
fective interaction and good agreement was found up to 
2 MeV when up to 6p-6h excitations across the = 28 
shell were included, clearly establishing the significant role 
of cross-shell excitations in ^''Fe and ^^Fe. The observed 
larger number of levels and stronger fragmentation of the 
spectroscopic strength above 2.5 MeV in comparison to 
shell model results indicate that more many-body cross- 
shell degrees of freedom need to be taken into account to 
describe the experimental data obtained in this work. 
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Table 3. Same as TabOfor states above 3.1 MeV. 
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